Introduction
By analogy with white paper, the conventional design of backlight units for liquid crystal displays The major feature of the CBL is a collimating light guide. In the conventional designs, the light guides have a periodic pattern of diffusing white spots on the bottom surface. There have been several proposals to replace the conventional diffusing white spots with the carefully designed micro-structures [1] , which are employed in the CBL. In addition, the CBL minimizes light losses due to surface effects by removing some of optical sheets: The CBL uses an integrated-type light guide with parallel prismatic cuts on the light-emitting surface [2, 3] . The wedge angle of the light guide is arranged so as to produce more collimated light than a conventional light guide. A diffuser film with lower diffusing power and a single prism sheet are placed above the light guide.
However, the structural simplicity of the CBL tends to cause certain problems. The most crucial one is the occurrence of moiré patterns caused by optical interference between the pattern of the scatterers and other elements with a periodic structure, such as the prismatic grooves, prism sheets, and liquid crystal cells. Moreover, one often observes local muras (a technical term for a cloudy defect derived from a Japanese word) around the corners and the edges because of the reduced diffusing effect of the optical system. It is generally very difficult to eliminate these muras using conventional techniques without impact on the collimating properties.
In this paper, we report on a novel theoretical approach to create irregular dot patterns, providing a solution to these difficulties. By generating a pattern of the scatterers on the light guide using our technology, the moiré patterns can be eliminated without any. In addition, a diffuser film Abstract-We report on a novel theoretical approach to generate irregular dot patterns, providing an integrated solution to difficulties peculiar to collimated-type backlight units. By applying this technology to a light guide and a diffuser film, the luminance uniformity is greatly improved. Keywords-collimated backlight, light guide, masking pattern, irregular dot pattern, luminance uniformity *IBM Research, Tokyo Research Laboratory, 1623-14 Shimotsuruma, Yamato-shi, Kanagawa-ken 242-8502, Japan. Phone: +81-46-215-4018. E-mail: goodidea@jp.ibm.com with a masking pattern generated by our technology greatly improves the luminance uniformity of the CBL. We will review in Section 2 the concept of low-discrepancy sequences, and the difficulties in conventional methods based on pseudorandom numbers. In Section 3, we will briefly explain how to remove abnormal clustering between dots from an initial pattern. In Section 4, we show some experimental results with a prototype CBL. In Section 5, we will briefly give concluding remarks.
Quality of Irregularity
Randomizing the arrangement of the dots, which abstractly denote either the microstructures on light guides or printed spots on diffuser films, is an effective way to avoid moiré patterns. For optically useful dot patterns, most of the practical randomization techniques known so far are based on pseudorandom numbers. However, pseudorandom numbers have several drawbacks as known in the field of digital halftoning [4] . Instead, we utilize the notion of low discrepancy.
To evaluate the qualities of dot patterns, we introduce a measure of discrepancy [5] . For a point
its discrepancy under the
, where N is the total number of points, and #E(x,y) represents the number o f points within
. By definition, the discrepancy is zero if the percentage of the number of points in an arbitrary subspace is the same as the percentage of the area of the subspace. Thus, discrepancy can be a measure of the uniformity of point sets.
Fortunately, there is a known class of infinite sequences called low-discrepancy sequences (LDS), which satisfy the inequality with the results of random numbers [5] ,
Roughly speaking, one finds that the ratio of the discrepancy of pseudorandom numbers compared to that of the LDS tends to be infinite as N increases. pseudorandom numbers [7] . The initial pattern is generated based on periodic lattice points. Such hit-or-miss methods are, however, unsuitable for the CBL, because they unavoidably have the nonhomogeneity peculiar to pseudorandom numbers, and because the periodicity of the original lattices survives to a greater extent when the density of the dots is higher. It is also difficult to realize density distributions having certain areas with higher density.
Dynamical Post Processing 3-1 dynamical model
We impose a requirement on our redistribution method that it should have complete permutation symmetry between any two arbitrary dots. It
should not be such a "discriminatory" method that discriminates between some dots whose coordinates are regenerated and other dots whose coordinates remain the same, as in the PRP method. force. In Fig. 3 we illustrates the repulsive 
3-2 Inter-dot forces
Various kinds of force models can be used [8] . Both patterns are of good homogeneity and randomness, but a close inspection shows that there are traces of a lattice in Fig. 7(a) , where the vertical spacing between the horizontal traces is about 0.193 mm on average. It becomes larger for the dots closer to the center of the light guide (not shown). On the other hand, the pattern in Fig. 7(b) shows much better homogeneity in spite of its randomness, without any traces of a lattice on a directly visible scale.
Although seemingly slight, the above difference brings about a major difference in 
4-2 masking pattern on diffuser film
The DLDS method can generate uniform irregular dot patterns with arbitrary density distributions. As shown, by using an appropriate distribution for the micro-scatterers on the light guide, most of luminance muras can be reduced from the CBL.
However, it is difficult to completely eliminate such undesirable muras as depicted in Fig.9 . A diffuser film having weak diffusing power printed with a local masking dot pattern can be a good solution for the CBL, where the collimating properties should not be weakened by using strong diffusers. If the same masking pattern is generated with the PRP method, visible inhomogeneity is observed as shown in Fig.13 , which is taken in the same used. We also observe that the undesirable shadowing around the corner is eliminated in Fig. 14 (b).
Concluding Remarks
Using the notion of discrepancy, we have discussed a molecular-dynamical method to generate irregular dot patterns. The DLDS method provides both irregularity and uniformity with very high quality. We confirmed that the DLDS method provides an integrated solution to eliminate muras in highly collimating backlight units.
The DLDS approach gives a way of generating a dot pattern for an arbitrary density distribution.
However, it gives no answer about how to optimize the density distribution itself. Currently, it is difficult to precisely calculate an actual luminance distribution from given dot patterns used in LCDs. The first reason that modeling the phenomena of complicated reflections and absorptions at the edges of light guides is generally a tough task. These phenomena cause the crucial muras as in Fig. 9 , and therefore must not be neglected. Second, if the complicated conditions could be faithfully modeled, ray-tracing simulations would not be practically feasible due to the enormous number of dots (more than one million).
There are also several other issues to be solved in the field of optical simulation in LCDs. It was only very recently that the automated measurement of luminance muras became possible [12] in spite of its importance. By developing evaluation techniques of this kind, as well as theoretical design methodologies such as the DLDS method, it is needed to promote optical design automation.
(a) (b) Fig. 11 Elimination of the bright lines.
(a) (b) Fig.12 Elimination of the corner mura. Fig. 13 Visible inhomogeneity observed when a masking pattern generated with the PRP method is used.
